INTRODUCTION
and localized there. In the secretory pathway, export
Eukaryotic cells contain a variety of subcellular cor-of proteins from the endoplasmic reticulum (ER)' to partments with distinct functions. Maintenance of the the plasma membrane is generally believed to go on complex structure requires that newly synthesized without particular signals (Pfeffer and Rothman, proteins are correctly delivered to their destination 1987). Proteins functioning in the organelles on the pathway must have a retention signal for their localization.
A number of soluble ER proteins such as the Ig heavy chain binding protein (BiP) are localized to the ER by a specific mechanism that depends on the presence of a C-terminal tetrapeptide signal, Lys-Asp-GluLeu (mammalian) or His-Asp-Glu-Leu (yeast) (Munro and Pelham, 1987; Pelham et al., 1988) . The receptors for these sequences have been identified Pelham, 1990, 1992) . Several lines of evidence suggest that recognition of the signal by the receptor takes place in the early compartment of the Golgi apparatus and thus the retention of these ER proteins is achieved by a recycling mechanism between the ER and the early Golgi (Pelham, 1988; Pelham, 1990, 1992) .
Other examples of ER retention signals have also been found in membrane proteins. Some type I transmembrane proteins in the ER such as the adenovirus E3/19K protein have a C-terminal motif, Lys-Lys-X-X or Lys-X-Lys-X-X, on their cytoplasmic tail, which was shown to act as the signal required for ER localization (Jackson et al., 1990) . Recently, it was also reported that the N-terminal double arginine motif of Iip33, a human invariant chain with a type II topology, is required for its ER residence (Schutze et al., 1994) . Morphological and biochemical studies suggest that these ER membrane proteins also recycle between the ER and the Golgi (Hsu et al., 1991; Jackson et al., 1993) .
Yeast Secl2p, a type II transmembrane glycoprotein residing in the ER membrane, is an essential component of the cellular machinery required for budding and formation of transport vesicles from the ER (Nakano et al., 1988; d'Enfert et al., 1991; Rexach and Schekman, 1991; Oka and Nakano, 1994) . Subcellular fractionation and immunofluorescence microscopy have demonstrated that Secl2p is almost exclusively localized in the ER in the steady state (Nakano et al., 1988; Nishikawa and Nakano, 1993) . On the other hand, N-linked oligosaccharide chains on Secl2p are subject to modification by the a1->6 mannosyl transferase, which resides in the early compartment of the Golgi apparatus. Because Secl2p is not modified by the al-*3 mannosyl transferase located in the later Golgi compartment, we have proposed that Secl2p cycles between the ER and the cis Golgi (Nakano et al., 1988; d'Enfert et al., 1991; Nishikawa and Nakano, 1993) . Based on this hypothesis, we devised a screen for mutants that mislocalize Secl2p beyond the cis Golgi. A fusion protein of Secl2p and a precursor of a-mating factor (Secl2-Mfalp) was used as a marker of Secl2p localization. If this fusion protein was mislocalized to the trans Golgi region in the mutant, the Kex2 protease would act on the Mfalp moiety and produce the mature a factor (see Figure 1) . By selecting cells that secrete a factor, we isolated mutants that fell into two complementation groups and named them rerl and rer2 (for Return to the ER or Retention in the ER). The rerl mutant shows mislocalization of the authentic Secl2p as well as Secl2-Mfal and Secl2-Suc2 fusion proteins to the trans Golgi and even to the cell surface (Nishikawa and Nakano, 1993) .
In this paper, we report isolation and characterization of the RERI gene and analysis of its gene product (Rerlp) . We show that RERI encodes a hydrophobic protein residing in the Golgi membrane. The rerl disruptant is viable and, even in the absence of the Rerl function, the majority of the Secl2p molecules are still localized in the ER. The role of Rerlp will be discussed from the viewpoint of retention and retrieval of ER membrane proteins.
MATERIALS AND METHODS Strains and Culture Conditions
EMBL4 A phage vectors containing the ordered clones of the yeast chromosome III (Yoshikawa and Isono, 1990) 
Plasmids and DNA Manipulations
Yeast replication plasmids, YRp7 and pJJ283, a single copy plasmid, pRS314, and multicopy plasmids, pYO324 and pSQ326, were described previously (Tschumper and Carbon, 1980; Sikorski and Hieter, 1989; Jones and Prakash, 1990; Ohya et al., 1991; Qadota et al., 1992) . pSHF9-4 [2, SEC12-MFal URA3 I was constructed as described (Nishikawa and Nakano, 1993) . pYTll, a single copy plasmid containing the CLS2-3HA and TRP1, was a gift from Y. Takita of the University of Tokyo (Takita et al., 1995) .
Plasmids containing the RER1-3HA hybrid gene were constructed as follows. The PstI-ClaI DNA fragment containing the RERI gene was subcloned from the clone lAlOA63 (see RESULTS) into pBluescript II KS' (Stratagene Cloning Systems). To insert the 3HA epitope at the C-terminus of Rerlp, an XbaI site was introduced just before the stop codon by site-directed mutagenesis with a synthetic oligonucleotide [ATTCTCATTCUTTTAGATGATATACCCTGACTl. The resulting plasmid was named pKS/RER1-X. A DNA cassette encoding three copies of the HA epitope [YPYDVP-DYA] was digested from pYTli with NheI and inserted into XbaIdigested pKS/RER1-X. The obtained RER1-3HA gene encodes Rerlp harboring the 3HA tag at the C-terminus (-'86SSS-[YPYDVP-DYA]3-R-COOH). Finally, the 2.3-kb BamHI/XhoI fragment containing the RER1-3HA hybrid gene was excised out from pKS/RER1-3HA and inserted into pRS314 and pYO324. These plasmids were named pRS314/RERI-3HA and pY0324/RER1-3HA, respectively.
DNA manipulations including restriction enzyme digestions, ligations, plasmids isolation, and E. coli transformation were carried out by standard methods. Extraction of bacteriophage A DNA was performed as described (Maniatis et al., 1982) . Yeast transformation was performed by the lithium acetate (Ito et al., 1983) (Keszenman-Pereyra and Hieda, 1988) . DNA fragments were purified from agarose gel pieces using the DNA PREP kit (Asahi Glass, Tokyo, Japan). DNA nucleotide sequences were determined by the dideoxy method (Sanger et al., 1977 ) using a DNA sequencer (Model 373A; Applied Biosystems, Japan). Southern blot hybridization and site-directed mutagenesis were carried out using the ECL Gene Detection Kit and the Sculptor in vitro Mutagenesis System, respectively (Amersham, Buckinghamshire, UK).
Gene Mapping and Disruption
To determine the genetic distance between the rerl and the leu2 loci, the A27-22C strain (RERI leu2) was transformed with the 1.5-kb SspI-SspI fragment from pJJ283 containing the LEU2 gene, and the integrants were selected by Southern blotting. This strain was named A27-22C-L and mated with SNH6-1C (rerl-2 leu2). The resulting diploid was sporulated and subjected to tetrad analysis to score the segregation of Rer -(Halo') and Leu-phenotypes. The null mutant of RER1 was constructed as follows. The 0.5-kb EcoNI-EcoRI fragment was deleted from the genomic RERI clone in pRS314/lAlOA10. The truncated plasmid was blunted with T4 polymerase. The LEU2 gene, which was prepared as the 1.4-kb fragment from pJJ283 by SspI digestion, was inserted into the deleted part of RERI (see Figure 7A ). The resulting disrupted copy of the RER1 gene was excised from the plasmid by BamHI-XhoI digestion, and introduced into diploid (ANY200) and haploid (SNY9) strains containing pSHF9-4 (SEC12-MFal URA3). The disruption of RERI was confirmed by Southern analysis. Chromosomal DNA prepared from the original strain and the transformants with the disrupted rerl were digested with ClaI, resolved in an agarose gel, and transferred to a nitrocellulose membrane. The 1.5-kb EcoRI-ClaI fragment was used as a probe for hybridization.
Antibodies
Rabbit anti-Kar2p polyclonal antibody was a gift from M. Rose of Massachusetts Institute of Technology (Rose et al., 1989 (Nishikawa and Nakano, 1993) .
Subcellular Fractionation
Subcellular fractionation was performed essentially as described by Gaynor et al. (1994) with some modifications. Cells were grown to 1 X i07 cells/ml in MVD medium and converted to spheroplasts as described previously . Spheroplasts (1 x1100) were resuspended in 10 ml of ice-chilled lysis buffer [0.2 M sorbitol, 50 mM KOAc, 2 mM EDTA, 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-KOH, pH 6.8, 1 mM dithiothreitol, 20 ,tg/ml phenylmethylsulfonyl fluoride, 5 ,ug/ml antipain, 1 ,ug/ml aprotinin, 0.5 ,ug/ml leupeptin, and 0.7 p.g/ml pepstatin] and immediately homogenized with a motor-driven 30-ml PotterElvehjem homogenizer (Wheaton) five times for 1 min, with 1-min intervals on ice. The lysates were centrifuged at 300 x g for 5 min to remove unbroken spheroplasts. The supematant was subjected to centrifugation at 13,000 x g for 15 min at 4°C in an RPRS14 rotor (Hitachi) to yield an intermediate speed pellet (P13) and supernatant (S13) fraction. The S13 fraction was further centrifuged at 100,000 x g for 60 min at 4°C in an RP65T rotor (Hitachi) to generate a high-speed pellet (P100) and supematant (S1OO). In both centrifugations, particulate fractions were collected on a 1-ml cushion of 80% (w/v) sucrose. An aliquot of the P13 fraction (equivalent to I x 109 cells) was resuspended in 1 ml of lysis buffer and overlayed on the top of a 1.2 M/1.5 M sucrose step gradient consisting of 5 ml each of 1.2 M and 1.5 M sucrose in 50 mM KOAc, 2 mM EDTA, 20 mM HEPES-KOH (pH 6.8), 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride. This gradient was centrifuged at 85,000 x g for 4 h in an RPS4OT rotor (Hitachi). The bands that migrated at the interfaces of the gradient were collected and subjected to immunoblotting analysis.
Immunofluorescence Microscopy
Indirect immunofluorescence was performed as described by Nishikawa and . The staining of the HA-tagged Rerlp was observed by using the 12CA5 monoclonal antibody (25 Ag/ml) as the first antibody. Decoration of the 12CA5 and anti-Secl2p antibodies was performed by the addition of 5 ,ug/ml biotinylated goat anti-mouse antibody followed by 5 ,ug/ml streptavidin-fluorescein. Visualization of the anti-BiP antibody was achieved by the addition of 10 ,ug/ml rhodamine-conjugated goat anti-rabbit secondary antibody. Double staining of Yptlp and Rerl-3HAp was performed as follows. The permeabilized cells were incubated with both 25 ,ug/ml 12CA5 monoclonal antibody and 54 ,ug/ml affinity-purified rabbit anti-Yptlp polyclonal antibody for 1 h. After washing, the second incubation was done with 6 ,ug/ml rhodamine-conjugated goat anti-mouse antibody and 6 g/lml fluorescein-conjugated goat anti-rabbit antibody. As a control, either one of the primary antibodies was omitted to confirm that there was no leakage of emission between the two channels of observation. The cells were observed and photographed using an Olympus BH-2 photo microscope and T-Max 400 film (Eastman Kodak, Rochester, NY).
RESULTS
Rerl Mutation Is Located near the LEU2 Locus on the Yeast Chromosome III In the previous study, we mapped the rerl mutation 14 cM proximal to the MAT locus, which was located on the chromosome III (Nishikawa and Nakano, 1993) . We decided to take advantage of this genetic information to isolate the RER1 gene. An ordered clone bank covering all of the chromosome III was Molecular Biology of the Cell available (Yoshikawa and Isono, 1990) , and the whole nucleotide sequence of the chromosome III had been determined (Oliver et al., 1992) . Six ordered clones (1D2, 4B11, 3E10, 3A12, lFll, and 3E11), which contain a continuous region from the PGK1 through the CRYI loci on the chromosome III, were obtained from Isono's collection and subjected to subcloning into the single copy plasmid pRS314 (Figure 2 ). The SKY5-1D strain (rerl-2) containing the SEC12-MFa1 gene was transformed with each of them, and the resulting transformants were examined by the halo assay to see if any of them was cured of the mislocalization of the Secl2-Mfal protein (Nishikawa and Nakano, 1993) ; however, none of these subclones complemented the rerl defect. We realized that the rerl locus was linked to the centromere in the course of genetic analysis, and decided to map the rerl mutation more precisely. As the strains we were using were all in the leu2 -background, we integrated the wild-type LEU2 gene at the leu2 locus and determined the genetic distance between the LEU2 and the rerl loci by tetrad analysis. Surprisingly, the result showed that the rerl mutation was located between the LEU2 and the MAT loci but only 5.2 cM apart from LEU2 (Table 2 ). In our analysis, the genetic distance between LEU2 and MAT was only 21 cM, much shorter than the 48 cM value in the genetic map currently available (Mortimer et al., 1989) . The reason for this discrepancy is unclear at present. Thus, the rerl mutation is located very close to the LEU2 locus and is tightly linked to the centromere CEN3.
Cloning of the RER1 Gene Five additional ordered clones of the chromosome III (2C4, 1D9, lA10, 2H9, and 1G5) that cover loci from PGK1 through LEU2 were obtained and their fragments were subcloned into pRS314. A fragment from the clone lAlO that contained CEN3 was subcloned into YRp7 ( Figure 2B ). SKY5-1D/pSHF9-4 was transformed with each of them, and the resulting transformants were examined by the halo assay. As shown in Figure 3 , the clone lAlOA (pRER101) complemented the rerl defect.
According to the sequence registered in the database, this clone should contain seven open reading frames (ORFs) that encode proteins larger than 100 amino acid residues (Oliver et al., 1992) . To specify which ORF represents the RERI gene, appropriate fragments of the lAlOA clone were further subcloned into pRS314, and introduced into SKY5-1D/ pSHF9-4. However, none of the three subclones (lAlOAl, 2, and 3) that should cover the seven ORFs complemented the Halo' phenotype of rerl. So we made a systematic deletion analysis of the clone lAlOA, and found that the 1.7-kb subclone (lAlOA63), which contained the ORF YCLlw, could complement the rerl defect ( Figure 4A ). Here arose a contradiction; the rerl defect was complemented by lAlOA63 but not by 1A1OA3. We constructed a new subclone (lAlOAll), which did not contain the complete YCLlw and found that this also complemented the rerl defect ( Figure 4B ). Thus we concluded that the RERI gene is located near YCLlw but is not identical to YCLlw itself. We suspected that the DNA sequence in the database might be wrong and decided to determine the whole sequence of the subclone lAlOA63 by ourselves.
RERM Encodes a Hydrophobic Protein
The nucleotide sequence of the 1.7-kb Eco47III-NheI DNA fragment containing the RER1 gene was determined by the dideoxy method ( Figure 5A ). As shown in Figure 5B , the clone contains a single ORF uninterrupted with introns, preceded by several stretches of A's and two TATA sequences and terminated by a TGA codon. Comparison between the determined DNA sequence and that in the database indicates that there were 19 errors in the database in the 1.2-kb region in which we sequenced both strands. The corrected sequence is now registered in the DNA Data Bank of Japan (DDBJ; also retrievable from EMBL or GenBank) with the accession number of D28552.
The DNA sequence predicts that the product of RER1 is a hydrophobic protein composed of 188 amino acid residues with the molecular mass of 22 kDa. This is almost totally different from the protein predicted from YCLlw. Hydropathic analysis (Kyte and Doolittle, 1982) predicted four membrane spanning domains (Figure 6 ), suggesting that Rerlp is an integral membrane protein. The probabilities of the four putative transmembrane domains spanning the membrane are good according to the prediction of Klein et al. (1985) (see also Goffeau et al., 1993) . Rerlp contains two clusters of positively charged amino acid residues at both termini and one with negative residues in the middle. According to the positive-inside rule of von Heijne (1989) , all these charged regions are expected to face the cytoplasm. Genes with weak but significant homology can be found in the genome sequences of higher eukaryotes, including nematode, human, and Arabidopsis, although their functions are unknown. mislocalization phenotype of the rerl null mutant, we knocked out RERI in a haploid strain with a background necessary for the halo assay (SNY9/pSHF9-4) (see Nishikawa and Nakano, 1993) . Figure 7B shows that the RERI gene was in fact deleted in the transformant. The original haploid showed the wild-type band (2.2 kb), whereas the Leu+ transformants showed a 2.7-kb band that corresponded to the disrupted copy. As shown in Figure 7C , the rerl disruptant (SKY7) produced a halo, which was apparently larger than that of the previous isolate rerl-2, indicating that the rerl disruptant has a little severer defect in Secl2-Mfalp localization than the original mutant. . The ERD genes are shown to be involved in the BiP localization, and the mutants of these genes secrete BiP to the culture medium (Semenza et al., 1990) . We reported in our previous paper that the rer2 mutant secreted a large amount of BiP to the medium but rerl did not (Nishikawa and Nakano, 1993) . We tried to confirm this with the rerl null mutant. As shown in Figure 8 , the amounts of BiP detected in the culture medium were much lower with the rerl mutants than with the rer2 cells, however, they were reproducibly and appreciably higher than those of the wild-type cells. Perhaps the rerl mutants may also possess a slight lesion in the retention of BiP. There was no significant difference between the rerl-2 and the rerl null mutants. The intracellular level of BiP expression was indistinguishable among the wild-type, rerl-2, and rerl null mutant cells, whereas that in the rer2 mutant was significantly higher (Nishikawa and Nakano, 1993;  our unpublished data).
Most of Secl2p Is Localized in the ER Even in the rerl Disruptant Like the original rerl-2 mutant, the rerl null mutant cells mislocalize not only the Secl2-Mfal fusion protein, but also the authentic Secl2p and another fusion protein Secl2-Suc2p (our unpublished data). However, the proportions of Secl2p and its derivatives mislocalized in these mutants were not very high. In a quantitative estimate on the rerl-2 mutant, about 10% of Sec12-Suc2p was exported to the cell surface (Nishikawa and Nakano, 1993) , so we examined intracellular distribution of Secl2p remaining in the rerl mutant cells by immunofluorescence. If a large portion of Secl2p was transported to the Golgi or vacuole by the default pathway, its staining pattern would be different from that of ER proteins. As shown in Figure 9 , the antibody against BiP stains the ER structures, nuclear envelope and peripheral ER, both in the wild-type and the rerl disruptant ( Figure 9 , panels B and E). When the same cells were stained with the anti-Secl2p antibody (Figure 9 , panels C and F), almost indistinguishable patterns were observed in either the wildtype or the rerl null mutant. Figure 10A , the RER1-3HA gene complemented the Using this antibody, subcellular localization of the tagged protein was examined by immunofluorescence ( Figure 11) . Again, the anti-BiP antibody stained the ER (Figure 11 , panels B, E, and H). In contrast, the anti-HA antibody visualized punctate staining scattering in the cytoplasm (Figure 11 , panels F and I), clearly distinct from the ER pattern. These punctate structures were not associated with either nuclei or vacuoles but were often observed in the bud of premitotic cells (see Figure 11 , panel I). Nothing was stained when the tagged protein was not expressed in the cells (Figure 11 , panel C). Considering that Secl2p is recycling between the ER and the cis Golgi in the wild-type yeast cells and that Rerlp is involved in proper localization of Secl2p, it would be reasonable to assume the location of the Rerlp function to be either in the ER or in the Golgi. The punctate staining pattern of strongly suggests the latter possibility; a number of Golgi proteins such as Yptlp, Sec7p, and Kex2p show punctate localization in the cytoplasm (Segev et al., 1988; Franzusoff et al., 1991; Nishikawa and Nakano, 1991; Redding et al., 1991 ; also see below). To support this possibility, the effect of the sec7 mutation was examined. The SEC7 gene is known to be required for exit of proteins from the Golgi apparatus and its temperature-sensitive mutation causes accumulation of the Golgi membrane at the restrictive temperature (Novick et al., 1981) . Figure  12 shows immunofluorescence of Rerl-3HAp with the HA antibody in wild-type (Figure 12 , panel B) and sec7 ( Figure 12, panel D) cells. The punctate staining pattern seen in wild type was much exaggerated in the sec7 mutant. Electron microscopy indicates that, under the same conditions, prominent accumulation of membranes is only associated with the Golgi cisternae (Novick et al., 1981; Hirata and Nakano, unpublished data) . The subcellular localization of Rerl-3HAp was also examined by biochemical fractionation ( Figure  13 ). The wild-type cells (KK4) containing the RERI-3HA gene on a single copy plasmid were spheroplasted, homogenized, and subjected to differential centrifugation to give P13, P100, and S100 fractions. These fractions were analyzed by immunoblotting with several antibodies. Previous studies have shown that ER and vacuolar membranes distribute mainly in the P13 fraction, whereas Golgi membranes are recovered in both P13 and P100 fractions (Nakano et al., 1988; Nishikawa and Nakano, 1991; Gaynor et al., 1994) . In this experiment, Secl2p (ER marker) and Pho8p (vacuolar marker) were mostly detected in the P13 fraction as expected. In contrast, the majority of Kex2p, a membrane protein localized in a late Golgi compartment or perhaps in the transGolgi network of yeast, was found in the P100 fraction. In the case of Ochlp, the al ->6 mannosyltransferase localized to the cis Golgi, a slightly larger amount was recovered in P13 than in P100. This appears to be characteristic of membrane proteins that are residing in early Golgi compartments (Nakayama et al., 1992; Gaynor et al., 1994) . Rerl-3HAp, the protein in question, showed similar behavior to Ochlp. That is, more Rerl-3HAp was detected in P13 than in P100. Rerl-3HAp was not detected in S100 as predicted from its hydrophobic nature.
The P13 fraction was further resolved on a sucrose stepwise density gradient (0.2 M sorbitol/1.2 M sucrose/1.5 M sucrose). After centrifugation at 85,000 X g for 4 h, the bands that migrated at the two interfaces were collected and analyzed by immunoblotting. We refer to lighter (0.2 M sorbitol/1.2 M sucrose interface) and denser (1.2 M/1.5 M sucrose interface) bands as band 1 and band 2, respectively ( Figure 13A ). Consistent with the report by Gaynor et al. (1994) , ER cells) were separated on an SDS gel and subjected to immunoblotting using an anti-BiP antibody.
whereas the majority of the cis Golgi protein (Ochlp) was fractionated in band 1 ( Figure 13B ). Rerl-3HAp was preferentially recovered in band 1, again supporting the notion that Rerlp resides in the early region of the Golgi apparatus. Finally, we attempted to show the colocalization of Rerlp with Golgi proteins by immunofluorescence. Because the antibody against Ochlp could not detect any signal by immunofluorescence, we chose the anti-Yptlp antibody for double staining experiments. Yptlp is a small GTPase required for targeting and fusion of ER-derived vesicles with the Golgi apparatus (Segev et al., 1988; Segev, 1991) .
RER1
Immunofluorescence of Yptlp gives a punctate pattern that is exaggerated in the sec7 mutant like the staining of Rerl-3HAp (Segev et al., 1988) . More importantly, a study by immunoelectron microscopy has shown that Yptlp is in fact associated with the Golgi membranes (Preuss et al., 1992) . We performed a double-label immunofluorescence experiment to compare the localization of Yptlp and Rerl3HAp. As shown in Figure 14 The plate was chromosome walking, because we had already F9-4 (rerl-2) mapped the rerl mutation on the chromosome III y plasmid con- (Nishikawa and Nakano, 1993) , whose entire loci were covered with an ordered clone bank con- Figure 9 . Subcellular localization of BiP and Secl2p in the rerl disruptant. Wild-type (SNY9, upper panels), Arerl (SKY7, middle panels), and Arerl Apep4 (SKY15, lower panels) cells harboring a multicopy plasmid containing the SEC12 gene (pSHY6-3) were prepared for double immunofluorescence with the anti-BiP polyclonal antibody (B, E, and H) and the anti-Secl2p monoclonal antibody (C, F, and I). Panels A, D, and G show staining with 4',6-diamidino-2-phenylindole (DAPI) to localize the nuclei.
structed on a A phage vector (Yoshikawa and Isono, 1990 (Nakano et al., 1988; d'Enfert et al., 1991) and A RERlIpSHF9-4 rer1-2fpSHF9-4/pRS31 4 rerl-2IpSHF9-4IpRS314RER1-X rerl-2IpSHF9-4IpRS314RER1-3HA Figure 10 . The RERI-3HA gene complements the rerl-2 mutation. (A) Halo assay of the rerl-2 mutant containing the RER1-3HA gene. All strains harbored the multicopy plasmid containing the SEC12-MFal gene (pSHF9-4). The rerl-2 mutants were transformed with pRS314, pRS314RER1-X, and pRS314RER1-3HA, respectively. The plate was incubated for 2 days at 30°C. Strains shown are (from top to bottom): SNY9/pSHF9-4 (RERI), SKY5-1D/pSHF9-4/pRS314 (rerl-2), SKY5-1D/ pSHF9-4/pRS314RER1-X, and SKY5-1D/pSHF9-4/pRS314RER1-3HA. (B) Immunoblotting analysis of the Rerl-3HAp in the rerl mutant. The rerl-2 mutant (SNH6-1C) with pRS314/RERI-X (lane 1) and pYO324/RERI-X (lane 2) and the rerl-2 mutant with pRS314/RERI-3HA (lane 3) and pYO324/ RER1-3HA (lane 4) were grown at 30'C in MCD medium. Extracts were prepared by agitation with glass beads in the SDS gel sampling buffer. Proteins (65 , ug) were separated on an SDS gel and the 3HA-tagged Rerlp was detected by immunoblotting using the 12CA5 monoclonal antibody.
functions to activate a small GTPase Sarlp by acting as its guanine-nucleotide exchange factor (Nakano and Muramatsu, 1989; Barlowe and Schekman, 1993) . The activated Sarlp molecule in the GTPbound state promotes formation of vesicles from the ER membrane that are destined to the Golgi apparatus (Oka and Nakano, 1994) . Thus it is essential for Secl2p to be localized in the ER. The lesions in the Secl2p and Sarlp functions knock out the secretory processes and thus are lethal for yeast cells. Rerlp is involved in the ER retention of Secl2p and its mutation causes mislocalization of Secl2p to the late compartment of the Golgi apparatus (Nishikawa and Nakano, 1993) . However, we have found that the deletion of the RER1 gene does not affect the cell growth at all. If Rerlp is in fact important for localization of the essential Secl2p, why is it dispensable for growth?
We have proposed that Secl2p is dynamically recycling between the ER and the cis part of the Golgi apparatus (Nakano et al., 1988; Nishikawa and Nakano, 1993) . This hypothesis is based on the observations that, although Secl2p appears to reside almost exclusively in the ER in the steady state, a significant portion is subject to oligosaccharide modification by a cis Golgi enzyme. In the 2 h after biosynthesis, about 30% of total Secl2p has experienced the Golgi modification (see Nishikawa and Nakano, 1993) the ER is quite efficient. Using an in vitro transport assay that depends on the Sarlp function, we can collect ER-to-Golgi transport vesicles in a good quantity (Oka et al., 1991; Oka and Nakano, 1994) . However, we have never been able to detect Secl2p in these vesicles, indicating that there is only a minimal, if any, amount of Secl2p conveyed by these carrier vesicles (Oka and Nakano, unpublished data) . This means that a static retention mechanism operates to prevent Secl2p from escaping from the ER. In the rerl-disrupted cells, Secl2p still appears to locate in the ER, suggesting that this retention system is not destroyed in the mutant. Immunofluorescence microscopy and subcellular fractionation experiments using an HA-tagged Rerlp and the monoclonal anti-HA antibody indicate that the tagged Rerlp is mainly localized in the Golgi apparatus. Given that the tagged version of Rerlp fully complements rerl in a single copy, we believe that its localization should reflect the localization of the authentic protein. We suggest that the site of the Rerlp function is indeed in the Golgi apparatus. Fractionation data also indicate that the behavior of Rerlp is more similar to a cis Golgi protein, Ochlp, rather than to a trans Golgi protein, Kex2p, suggesting that the location of Rerlp is in an early compartment of the Golgi. One role that a cis Golgi membrane protein could play in the ER localization of Secl2p would be "retrieval" (Figure 15 ). Even in the normal fulfillment of the static retention, a low but significant amount of Secl2p escapes from the ER. Rerlp may function as a component of the backup system that sends Secl2p back to the ER. In the wild-type cells, Secl2p travels Vol. 6, November 1995 Figure 11. Subcellular localization of Rerl-3HAp. The rerl-2 mutant with the multicopy plasmid pYO324 containing either the RER1-X (A-C) or RER1-3HA (D-I) gene were fixed for 2 h at 30'C and processed for immunofluorescence microscopy. Both strains were stained with DAPI (A, D, and G), anti-BiP polyclonal antibody (B, E, and H), and the 12CA5 monoclonal antibody (C, F, and I).
up to the cis compartment of the Golgi where the al->6 mannosyl transferase (Ochlp) exists, but never to the later compartments (Nishikawa and Nakano, 1993) . Rerlp might also be involved in preventing Secl2p from proceeding to the medial Golgi. The presumed localization of Rerlp in the cis Golgi is consistent with either of these possibilities.
Of course, there will be other possibilities, direct or indirect, to explain involvement of Rerlp in the Secl2p localization. The ultimate proof of the retrieval system awaits cell-free reconstitution of retrograde transport of vesicles from the Golgi to the ER. The rerl null mutant may be helpful in developing such an in vitro assay.
Molecular Biology of the Cell Figure 12 . The punctate staining of Rerl-3HAp is exaggerated in the sec7 strain. Cells of ANY21 (wild type as a control, A and B) harboring RER1-3HA on a multicopy plasmid were grown to 1 X 107 cells/ml and fixed for 2 h at 23°C. Cells of SF821-8A (sec7-1, C and D) with multicopy RER1-3HA were also grown to lx107 cells/ml and resuspended in MC medium containing 0.1% glucose after two washes with sterile water. The cells were incubated for 2 h at 38°C and fixed for 5 min at 38°C before the fixation for 2 h at 23°C. The cells were processed for immunofluorescence microscopy. Both strains were stained with DAPI (A and C) and the 12CA5 monoclonal antibody (B and D).
If Rerlp is in fact required for retrieval of Secl2p from the Golgi, it is not essential, perhaps because the retrieval system plays only an auxiliary role in Secl2p localization. Alternatively, redundant components could exist to support this retrieval system, and the deletion of Rerlp may be substituted for by another component. The retrieval systems for HDEL and KKXX proteins might also help to send Secl2p back to the ER in the absence of Rerlp. Gaynor et al. (1994) recently reported a system to show the retrieval of Suc2-Wbpl fusion protein that harbors a KKXX signal. According to their paper, however, the rerl mutation does not seem to affect the recycling of this protein. More recently, Cosson and Letourneur showed in collaboration with Emr's group and Riezman that components of coatomer or COP I (Retlp, Sec2lp, and Sec27p) are involved in the retrieval of KKXX proteins (Letourneur et al., 1994) . It is possible that the retrieval of Secl2p also utilizes this COP I system. One genetic approach to identify components that are required for dynamic recycling of Secl2p would be to screen for mutations that are lethal when combined with the rerl mutation. These so-called synthetic lethal mutants might also be helpful in unveiling mechanisms of the static retention in the ER, because lesions occurring simultaneously in both retention and retrieval systems would lead to quite a severe consequence. With hope for obtaining an understanding of the sorting events within the ER, which remains mostly in the black box at the moment, the attempt to isolate mutants that are synthetically lethal with rerl is now under way.
The protein Rerlp has several interesting features in its structure. Analysis of hydropathy and the probability of membrane spanning indicates that the protein will traverse the membrane four times. Interestingly, there are three highly charged domains in Rerlp. Basic residues cluster in both the N-and the C-terminal regions, whereas acidic residues are mostly found in the loop between the second and the third transmembrane sequences. If one applies the positive-inside rule for membrane protein topology (von Heijne, 1989) to Rerlp, the N-terminal hydrophilic regions should face the cytoplasm, and accordingly the two other charged regions would also be on the same side of the membrane. A preliminary experiment to delete some C-terminal basic residues indicates that these are essential for the Rerlp function (our unpublished data). Further characterization of the molecule should be examined by more systematic analysis, both molecular biological and biochemical. One interesting possibility would be that Rerlp acts as a receptor of Secl2p in retrieval, which is now under investigation. In a complementary approach to address this problem, we are also carrying out an extensive study on the structural requirements of Secl2p. Using chimeric constructs between Secl2p and Dap2p (dipeptidyl aminopeptidase B, a type II vacuolar membrane protein), we have found that two distinct regions in Secl2p are important for ER localization. The trans-P13 P100 S100 (A) Cells of KK4 (wild type) harboring the RER1-3HA gene on a single-copy plasmid were spheroplasted, homogenized, and subjected to differential centrifugation as described in MATERIALS AND METHODS to separate P13, P100, and S100 fractions. The P13 fraction was further subjected to a sucrose step (1.2 M/1.5 M) gradient centrifugation. After an 85,000 x g spin for 4 h, the two bands (1 and 2) migrating at the interfaces of the gradient were collected. For details, see MATERIALS AND METHODS. (B) P13, P100, and S100 fractions derived from the same amount of the homogenate were analyzed by SDS-PAGE and immunoblotting. Bands 1 and 2 of the sucrose gradient derived from the P13 fraction were also analyzed. Rerl-3HAp was detected by the 12CA5 monoclonal antibody. The lower band in the Pho8p blot is probably due to a degradation product in the vacuole that leaked into the S100 fraction. membrane domain of Secl2p has a quite potent effect that requires the presence of Rerlp, whereas a part of the N-terminal domain appears to work in an Rerlp-independent fashion (M. Sato, K. Sato, and Nakano, unpublished data). Whether these signals correspond to retrieval and retention mechanisms, respectively, would be a very intriguing question that could lead to an understanding of the dynamic nature of Secl2p localization.
In this study, we took the approach of chromosome walking to identify the RER1 gene, because we wanted to take advantage of the yeast genome projects. The genome sequencing of the yeast Saccharomyces cerevisiae is now in rapid progress and Figure 14 . Double-immunofluorescence staining of Yptl and Rerl-3HA proteins. Cells of SKY5-1D (rerl-2) harboring RER1-3HA on a multicopy plasmid were subjected to a double-staining protocol as described in MATERIALS AND METHODS. Panels A and B show fluorescein fluorescence corresponding to Yptlp and rhodamine fluorescence corresponding to Rerl-3HAp, respectively. ordered clone banks will become available for most chromosomes. Cloning by map may become the fastest and easiest way of obtaining the gene; however, we met some unexpected difficulties. First, genetic distances were not as exact as described in the current map. In our hands, for example, the distance between the LEU2 and the MAT loci on the chromosome III was only 21 cM, much shorter than the value of 48 cM in the genetic map (Mortimer et al., 1989) . There is a hot spot of Ty transposon insertion on the right arm near the centromere of this chromosome (Yoshikawa and Isono, 1990) , which might have affected the recombination frequency. Due to this anomaly, we spent a long time identifying the RERI locus, which was finally found between the LEU2 locus and this hot spot. Great care should be taken when good genetic markers are not available near the mutation in question. Another problem we encountered was errors of DNA sequence in the database. In the course of subcloning, we realized that the ORF prediction of the registered sequence did not make sense. We determined the nucleotide sequence in the 1.2-kb region that contains the RER1 gene and found as many as 19 mistakes. We hope and believe that such sequence errors are eliminated in more recent entries by careful scrutiny.
While this cloning work was in progress, Schmitt and his coworkers also isolated mutants that mislocalized Secl2p (Boehm et al., 1994) . We exchanged the mutants and demonstrated that one of their complementation groups was allelic to rerl. They isolated the wild-type RER1 gene by complementation, which turned out to be completely identical to the one we identified. The other mutation was different from either rerl or rer2 and named rer3. We have recently cloned the RER2 gene and a multicopy suppressor of rer2 by complementation. The characterization of these genes is now in progress and will be reported elsewhere.
